Carbon dioxide (CO 2 ) emissions from biomass combustion are traditionally assumed climate neutral if the bioenergy system is carbon (C) flux neutral, i.e. the CO 2 released from biofuel combustion approximately equals the amount of CO 2 sequestered in biomass. This convention, widely adopted in life cycle assessment (LCA) studies of bioenergy systems, underestimates the climate impact of bioenergy. Besides CO 2 emissions from permanent C losses, CO 2 emissions from C flux neutral systems (that is from temporary C losses) also contribute to climate change: before being captured by biomass regrowth, CO 2 molecules spend time in the atmosphere and contribute to global warming. In this paper, a method to estimate the climate impact of CO 2 emissions from biomass combustion is proposed. Our method uses CO 2 impulse response functions (IRF) from C cycle models in the elaboration of atmospheric decay functions for biomassderived CO 2 emissions. Their contributions to global warming are then quantified with a unit-based index, the GWP bio . Since this index is expressed as a function of the rotation period of the biomass, our results can be applied to CO 2 emissions from combustion of all the different biomass species, from annual row crops to slower growing boreal forest.
Introduction

Background
In 1991, the first comprehensive guidelines for estimating national greenhouse gas (GHG) emissions and sinks compiled by the Organization for Economic Cooperation and Development (OECD) states that 'CO 2 emissions resulting from bioenergy consumption should not be included in a country's official emission inventory' (OECD, 1991) . This convention is motivated by the consideration of the carbon (C) neutrality of bioenergy: because growing forests sequester C, then as long as areas harvested for biomass are kept forested, the C is again absorbed in growing trees and consequently the net impact on GHG emissions is zero (Manomet, 2010) . For this reason, in national GHG inventories direct carbon dioxide (CO 2 ) emissions from bioenergy are not reported in the energy sector (as for fossils) but in the land use, land-use change and forestry (LULUCF) sector, according to country-specific regulations (UNFCCC, 2003; IPCC, 2006) . Stemming from this convention, primary research life cycle assessment (LCA) studies tend to implicitly assume CO 2 emissions from biomass combustion climate neutral if the bioenergy system is C flux neutral, i.e. CO 2 emissions from temporary C losses are traditionally ignored.
In LCA studies of bioenergy systems, the OECD convention is implemented following two basic accounting procedures. The majority of case studies ignore the CO 2 flux within a bioenergy system, assuming that CO 2 absorbed equals CO 2 emitted, so giving a net flux balance of zero; these studies simply assign a global warming potential (GWP) equal to zero to direct CO 2 emissions (e.g., Carpentieri et al., 2005; Petersen Raymer, 2006; Huo et al., 2008; Kim & Dale, 2008) . Other studies follow the EcoInvent database (Werner et al., 2003) and offset CO 2 emissions from biomass combustion with an upstream sequestration credit that is nearly equal to the combustion emission. In this case, a GWP equal to 1 is assigned to CO 2 , which is considered to be offset by the sequestration of the same amount of CO 2 that occurred to grow biomass (Reijnders & Huijbregts, 2008; Luo et al., 2009) .
These accounting conventions are so widely adopted that in the majority of LCA studies it is not even mentioned which one of the two is used (van der Voet et al., 2010; Cherubini & Strmman, 2011) . A recent paper reports that in only four of the 67 case studies reviewed the exclusion of the climate effect of biomassderived CO 2 emissions is explicitly indicated, while in two cases it is clearly mentioned that emissions and removals are both included and offset (van der Voet et al., 2010) . Most of the studies generally find a reduction in the contribution to climate change when bioenergy systems are compared to fossil reference systems, provided that permanent changes in terrestrial C pools are minimized (Quirin et al., 2004; Searcy & Flynn, 2008) . One of the main reasons for this result is the absence in GHG balances of the climate impact of CO 2 emitted from biomass combustion.
Both in past and recent literature, an increasing perception of the inadequacy of this accounting convention and its implementation in LCA can be identified. Already some years ago, Bö rjesson & Gustavsson (2000) did not presume wood to be C neutral and accounted for CO 2 emissions from biomass as those from fossils. Rabl et al. (2007) advocated 'that emission and removal of CO 2 be accounted explicitly at each stage of the life cycle' . Even if they realized that the net effect at the end would be almost zero, they claim that using this approach allows a dynamic modeling of emissions and removals. Others have questioned the distinction between fossil and biomass-derived CO 2 in national GHG accounting, emphasizing that 'all CO 2 is equal in the atmosphere' and IPCC only provides vague guidance concerning this crucial matter, and further detailed analysis would be highly desirable to accurately account for all CO 2 fluxes (Mö llersten & Grö nkvist, 2007) . Johnson states that we should say 'goodbye to C neutral' for bioenergy from forests (Johnson, 2009) , while other researchers have focused on fixing 'a critical climate accounting error' (Searchinger et al., 2009; Searchinger, 2010) . Searchinger et al. (2009) moved a step forward, stating that 'replacing fossil fuels with bioenergy does not by itself reduce C emissions', since the CO 2 released by tailpipe emissions 'is roughly the same per unit of energy': in order to mitigate climate change, bioenergy must ensure that 'the growth and harvesting of the biomass for energy captures more C above and beyond what would be sequestered anyway and thereby offset emissions from energy use'.
A further distinction can be seen between LCA based on forest wood and fast growing biomass species (annual crops and lignocellulosic energy crops). Studies which focus on bioenergy from fast growing biomass generally tend to account for permanent changes in terrestrial C pools only, while basically ignoring the climate impact of CO 2 from temporary changes (i.e. biomass harvested for bioenergy and then regrown). This is a reasonable assumption for fast growing species, but may not apply in the case of biofuels from slower growing biomass, like forests (Johnson, 2009; Marland, 2010) . A forest may take up to 100 years to regrow, and the system can be defined C neutral only at the end of proper time boundaries: CO 2 is emitted in one point in time when biomass is burnt but the sequestration in the new vegetation is spread over several years, depending on the specific rotation period. Even if in these cases the fact that C neutral does not mean climate neutral is straightforward, this aspect has been seldom considered in LCA, despite the importance of the issue being thoroughly acknowledged from the early 1990s (Harmon et al., 1990; Marland & Schlamadinger, 1995; Schlamadinger & Marland, 1996b) . Studies that considered the time dimensions of forest growth are essentially studies of forest C dynamics. These studies usually report an increase in GHG emissions of forest bioenergy systems in the short term, in favor of a decrease in net GHG emissions in the longer term; in some cases, a specific C deficit and pay-back time (up to some decades, depending on site-specific parameters and reference system) is identified (Marland & Schlamadinger, 1995; Schlamadinger & Marland, 1996b; Manomet, 2010; McKechnie et al., 2010) . Many analytical models are available to perform this type of temporal analysis (Schlamadinger & Marland, 1996a; Masera et al., 2003; Schelhaas et al., 2004; Kurz et al., 2009) . A common feature of these assessments is to show results as a trend of cumulative CO 2 emissions over century timescales, and do not elaborate yearly unit based indicators. The work performed in this paper bridges this type of analysis with LCA methodology, providing a methodology to estimate the contribution to global warming of CO 2 flux neutral bioenergy systems in terms of GWP, so to provide an index which can be promptly included in LCA.
Aims and objectives
All CO 2 emissions, both from combustion of fossil fuels or biomass, alter the C cycle and hence the earth's radiative balance, thus causing a climate impact that should be estimated. Our main aim in this paper is to quantify the climate impact of biomass-derived CO 2 emissions with a unit-based indicator to be used in LCA or C accounting studies. We focus on a single biomass rotation where an existing aboveground C stock, either a crop or a forest, is harvested for bioenergy and later allowed to regrow. We use this schematic case to retain the focus on the key research question, without adding the complexity and additional assumptions linked to the possibilities of using specific factors like local conditions and biomass management strategies. This paper is structured as follows. The current method used to estimate the atmospheric decay of anthropogenic CO 2 emissions is firstly described together with a metric for measuring their contribution to GWP. Afterwards, the climate impact of CO 2 emissions from biomass combustion (bio CO 2 , from this point forward) is investigated through the formulation of proper atmospheric decay functions, which are used in the GWP bio index. Finally, results are presented as a function of the biomass rotation period, and the most relevant implications related to this methodology are discussed in the final section.
Materials and methods
Anthropogenic CO 2 emissions C cycle climate models. CO 2 emissions play a key role in the earth's C cycle and climate system. Those which are classified as anthropogenic (i.e. from fossil fuel combustion, cement production, deforestation and land-use change) are one of the main responsible for anthropogenic climate change (Forster et al., 2007) . Complex C cycle climate (CC) models, which establish the link between atmospheric CO 2 concentration and anthropogenic C emissions by modeling uptake and exchange fluxes of the atmosphere with the oceans and the terrestrial biosphere, are used to model the time evolution of airborne CO 2 . In order to make analysis easier for smaller case studies, such as LCA, impulse response functions (IRF) are often used to represent CO 2 atmospheric decay under given assumptions (Tubiello & Oppenheimer, 1995; Enting et al., 2001) .
The oceans play an important role for the removal of anthropogenic C. They are generally distinguished into the upper layer, which has a very fast turnover rate (Wanninkhof, 1992) , and the deep ocean, to which C is transported through oceanic circulation (Joos, 2003) . This latter process is the limiting factor for the ocean's uptake capacity, which is determined by ocean volume and sea water chemistry. This uptake capacity is only reached after several centuries, and it takes millennia to equilibrate ocean water and sediments after a perturbation in oceanic C content. Changes in the land biosphere and in the upper ocean influence atmospheric CO 2 concentrations on seasonal to century time scales. Several models dealing with the C cycle in the oceans have been formulated (Oeschger et al., 1975; Siegenthaler & Joos, 1992; Blanke & Delecluse, 1993; Caldeira & Kasting, 1993) .
Modeling the terrestrial components of the C cycle is more challenging because of the natural variability of some basic parameters (Enting et al., 2001) . The most common way of modeling terrestrial C transfers is to use discrete compartments as leaves, branches, soil C, etc., characterized by an initial C content and turnover times. The C transfers from the air to the plants is described by a net primary production, which may depend on specific parameters like temperature, nutrient levels, water supply and others. The terrestrial part of the different climate models usually differ in the number of physiological compartments, feedback effects and the degree of disaggregation (Friedlingstein et al., 1994 (Friedlingstein et al., , 1995 Prentice et al., 2000; Cramer et al., 2001; McGuire et al., 2001) .
Atmospheric decay. Thanks to the elaboration of these CC models it is possible to predict the atmospheric decay of CO 2 emissions (Maier-Reimer & Hasselmann, 1987; Lashof & Ahuja, 1990; Caldeira & Kasting, 1993; Joos et al., , 2001 Enting et al., 2001) . In all the cases, CO 2 does not follow a simple decay according to one single lifetime (as it is for the two other main GHG, N 2 O and CH 4 ), but its decay is described by several time constants and there is a fraction of the initial emission that always remains in the atmosphere. The fraction of CO 2 remaining in the air following a CO 2 release depends on future atmospheric CO 2 concentrations, because the partial pressure of CO 2 in the ocean surface is a nonlinear function of surface total dissolved inorganic C concentration (Caldeira & Kasting, 1993) .
The analytical form of the atmospheric decay of anthropogenic CO 2 is given by a superposition of a number of exponentials of different amplitude A i and relaxation time t i
The value of this function at any time represents the fraction of the initial emission which is still found in the atmosphere, and the removed fraction corresponds to the ocean/biosphere uptake. The amplitude A 0 represents the asymptotic airborne fraction of CO 2 which remains in the atmosphere because of the equilibrium response of the ocean-atmosphere system. The amplitudes A i may be interpreted as the relative capacity of the other sinks, which are filled up by the atmospheric input at rates characterized by the relaxation time scales t i . These time scales determine the redistribution of anthropogenic CO 2 emissions in the climate system and are linked to the time scales of the natural C cycle. Because of this exponential decay trend, more than half of the initial input is removed from the atmosphere within few decades after emissions through uptake by the upper ocean layer and the fast overturning reservoirs of the land biosphere. However, a certain fraction is still found in the atmosphere after 1000 years; this fraction is only very slowly reduced further by ocean-sediment interaction and the weathering cycle (Archer et al., 1998) .
Metrics for climate change
The climate impact of GHG emissions needs to be compared with a consistent metric. In this paper the GWP is used, rather than other possible metrics (Fuglestvedt et al., 2003; Shine et al., 2005) . This metric was developed as a relative measure of the potential effects on climate of a GHG compared with CO 2 . GWP heavily relies on the concept of radiative forcing which gives the perturbation of the earth energy balance at the top of the atmosphere by a climate change mechanism. The cumulative radiative forcing for a pulse emission, which is often referred to as the absolute global warming potential (AGWP), is given by the integral over time of the product between the radiative efficiency of the gas (a) and the decay function, y(t), that defines the fraction of the gas remaining in the atmosphere after a unit pulse (C 0 )
where the radiative efficiency (a) of CO 2 is (Forster et al., 2007) a CO2 ¼ 5:35 ln
Where [CO 2 *] is the concentration in the atmosphere after small perturbation and [CO 2 ] is the initial concentration of CO 2 in the atmosphere. If the background concentration of 378 ppm provided by the IPCC report is used, and a perturbation of 1 ppm is applied, the value of the radiative efficiency for CO 2 is 1.41 Â 10 À5 W m À2 ppb À1 .
Since the decay of a CO 2 pulse emission has a nonzero asymptote, its integral from zero to infinity is infinite. To avoid this, several attempts to define an effective residence time for CO 2 in the air have been formulated (Houghton et al., 1990; Lashof & Ahuja, 1990; Rodhe, 1990; Moore & Braswell, 1994) . In the 1990s, the IPCC introduced finite time horizons (THs) (20, 100 and 500 years) for integration in the GWP, where the CO 2 decay function by was used (Schimel et al., 1996) . As specified by the IPCC itself, these different THs should not be considered of any scientific significance (Fuglestvedt et al., 2003; Forster et al., 2007) . GWPs were then elaborated for all the different GHGs (denoted as i) according to this equation
GWP then acts as a metric able to aggregate emission of the various gases to a common unit (kg CO 2 -eq.). In Table 1 , GWPs for given THs are shown for the three most important GHGs, together with their lifetime and radiative efficiency.
CO 2 emissions from biomass combustion
The atmospheric decay of CO 2 emissions from biomass combustion can be predicted with the IRF from C climate models only if biomass is not replanted (i.e. deforestation), or a LUC occurs. Even if consistent results were achieved in upgrading the modeling of the biosphere compartment (Gerber et al., 2004) , the basic principles remain unchanged: if biomass is replanted, emissions from combustion are neutralized by CO 2 removal during regrowth; if biomass is not replanted, bio CO 2 emissions become anthropogenic CO 2 (Strassmann et al., 2008) . Then, a new IRF needs to be elaborated to predict the atmospheric decay of bio CO 2 .
Modeling assumptions. The method developed in this paper is applied to a well-defined schematic case study that is suitable to demonstrate the approach proposed (see Fig. 1 ). It is assumed that all biomass is burnt in one time step so that the CO 2 emission is modeled as a pulse. The biomass harvested is from an even-aged vegetation stand (representing the starting condition) which is clear cut and the land is immediately revegetated with the same biomass species after harvesting. We assume that the regrowth, at the end of the rotation period, captures the same amount of CO 2 that was released by combustion (i.e., we assume the entire process is C flux neutral). Only one rotation is assumed. CO 2 emissions from loss of C pools other than aboveground vegetation, like soil and litter, are not considered at this stage. According to the most common practice in biomass growth modeling (Swallow et al., 1990; Rossi et al., 2009) , the rate of biomass growth (or regrowth, in our case) can be modeled as a normal distribution (Gaussian), expressed as atmospheric C uptake in vegetation as a function of the rotation period of the biomass. This is a probability density function that has the following analytical form:
where the parameters m and s (mean and variance) can be used to represent characteristics of forest growth. It is assumed that the mean occurs in the year with the maximum C uptake and is taken as half of the rotation period (m 5 r/2). The variance determines the width of the distribution, and it is here assumed to be equal to half mean (s 5 m/2).
Calculation procedures. The concentration in the atmosphere of bio CO 2 over time can be described by means of an IRF which refers to the reaction (as a function of time) of any dynamic system in response to some external change. In our case, this means that the atmospheric decay of bio CO 2 is derived through combination of the biomass regrowth sink (the Gaussian curve, modeled as a negative emission) with the IRF modeling the removal of CO 2 by the ocean and/ or terrestrial biosphere sinks. In mathematical terms, this is a convolution between two functions, based on a conventional and widely used approach (Siegenthaler & Oeschger, 1978) . Then, the atmospheric CO 2 concentration f(t) after a pulse emission can be represented as the sum of earlier emissions g at time t 0 multiplied by the fraction still remaining in the atmosphere after time tÀt 0
where C 0 is the pulse emission of bio CO 2 to the atmosphere, d(t 0 ) is the delta function (which is zero everywhere except at the origin) g(t 0 ) is the rate of biomass regrowth which removes the CO 2 originally released, and y(t) is the IRF from the C cycle climate model. Equation (6) can be written as follows:
Since C 0 5 1, we can write
This equation describes the atmospheric decay of a pulse of bio CO 2 over time. The term representing the biomass regrowth, g(t 0 ), is defined in Eqn (5), while three alternative options are possible for the IRF y(t):
1. Following the OECD convention, bio CO 2 emissions are removed from the atmosphere by the onsite biomass growth. If this closed perspective is adopted, bio CO 2 will decay from the air only because of the biomass regrowth. This means that there are no contributions from the rest of the C cycle components, and y(t) 5 1. Since it is totally unphysical to neglect any CO 2 uptake from the oceans or other sinks, this option is considered here only to analytically demonstrate the inadequacy of the OECD convention through the inconsistent results obtained. This approach will be referred to as the vegetation IRF (VIRF). 2. As we have mentioned previously, oceans play a key role in the removal of CO 2 from the atmosphere. In this second case, the ocean sink is added to the Fig. 1 Simplified scheme of the carbon flux neutral system modeled in this paper. (a) Biomass stand at steady state; (b) all aboveground carbon is harvested and emitted to the atmosphere as CO 2 . Simultaneously, the same biomass is replanted and starts growing by sequestering the CO 2 released from combustion; (c) the same quantity of carbon originally released is sequestered once again in the vegetation at the end of the rotation. vegetation regrowth sink by considering a proper climate model, so giving a specific profile for the atmospheric decay of bio CO 2 , the ocean and vegetation IRF (OVIRF). 3. As considered in CC models, when a CO 2 molecule is released to the atmosphere can be removed by both the ocean and terrestrial biosphere. In this case, a complete IRF is used and the resulting atmospheric decay is referred to as the full IRF (FIRF).
In all the cases, the resulting function f(t) is used in Eqn (4) to get an index of the relative climate impact of CO 2 emissions from biomass combustion
VIRF. In this case, the biomass C cycle is independently modeled as a closed system, from combustion to removal by vegetation regrowth, which is the only sink considered. This option appears consistent with the convention currently used in bioenergy LCA, where CO 2 emissions from biomass combustion are assumed to be offset by biomass growth. In mathematical terms, this means that y(t) 5 1, and Eqn (8) can be written as
The integral of this function is the cumulative density function, which is the total C accumulated in the biomass stand along the full rotation. This integral can be expressed in terms of the error function erf, so that Eqn (10) becomes
This allows the calculation of the atmospheric decay for CO 2 emissions from combustion of different biomass species, according to the rotation period r.
OVIRF. This case models the removal of bio CO 2 from the atmosphere because of two compartments, the oceans and the vegetation sink due to biomass regrowth. The rest of the terrestrial biosphere is not considered here as a possible sink. The same approach has been considered in the past to predict the contribution to climate change of CO 2 emissions from a forest fire (Randerson et al., 2006) . As in the VIRF case, the vegetation sink is modeled with the Gaussian distribution, while a proper CC model is to be used to predict the atmospheric decay due to ocean uptake. The IRF of scenario #4 from the ocean model described in Caldeira & Kasting (1993) is selected. This is a boxdiffusion ocean model appropriate only on time scales lower than 1000 years, when interaction with sediments and rock cycles is of secondary importance. In this case, atmospheric CO 2 content is stabilized at 550 ppm by year 2150, the 1990 growth rate in atmospheric CO 2 content is 1.66 ppm yr À1 and the growth rate at the stabilization date is zero. The IRF resulting from this ocean model has the analytical form of Eqn (1), whose parameters are reported in Table 2 and profile is shown in Fig. 2 .
If Eqn (1) is included in Eqn (8), we have
The integral is estimated by numerical approximation.
FIRF. CO 2 emissions from biomass combustion are here considered to be removed from all the possible sinks, the oceans, the terrestrial biosphere and the onsite biomass regrowth. This integrates bio CO 2 emissions into the global C cycle. A complete IRF should be therefore used. Among the existing models, the IPCC Fourth Assessment Report selected the IRF derived from an updated version of the Bern 2.5CC model (Forster et al., 2007) . In this paper, the same IRF is considered. A detailed description of this model can be found elsewhere (Joos et al., , 2001 . The analytic form of this IRF has been shown in Eqn (1), while its parameters are reported in Table 2 and the curve is shown in Fig. 2 . The profile of this function should not be directly compared with that of the ocean-only IRF presented in the previous section, because they are based on different conditions and parameters (even though a slowest decay is predictable when oceans are the only sink). In this case, Eqn (8) can be explicitly written as follows:
The integral is estimated by numerical approximation. The inclusion of the terrestrial biosphere component among the sinks allows the uptake in the natural biosphere, but will potentially include a (small) form of double counting of the vegetation compartment, since also the onsite vegetation regrowth is considered. However, this should not be the case because the Bern 2.5CC model only considers the potential CO 2 uptake from stimulation of plant growth by elevated atmospheric CO 2 levels and enhanced nutrient supply, and 'does not include formulation for forestry management nor bioenergy production' (Strassmann et al., 2008) .
Results and discussion
Bio CO 2 atmospheric decay In Fig. 3 , the three different IRF describing the decay of bio CO 2 emissions from the atmosphere are compared for selected rotation periods of 1, 10, 20, 50 and 100 years, as well as when r ! 1 (that is trees are not replanted). The decay of anthropogenic CO 2 according to the Bern 2.5CC model is also shown for comparison. This decay applies in case of deforestation or permanent terrestrial C losses.
For VIRF, OVIRF and FIRF, the longer the biomass rotation period, the longer is the mean stay of CO 2 in the atmosphere. The effect of the rotation length on the FIRF-based decay is shown in Fig. 4 , where the bio CO 2 fraction remaining in the air after a pulse emission is reported as a function of time and biomass rotation period. In the long term, all the decays asymptotically tend to zero, since a C flux neutral system is modeled.
As already mentioned, the VIRF curve is based on the OECD convention of a closed cycle for biomass-derived CO 2 (from combustion to uptake in new trees). Therefore, the resulting atmospheric decay simply represents the inverse (from an atmospheric point view) of the sigmoid cumulative C accumulation curve describing biomass regrowth. This is clearly inconsistent with CC models: if trees are not replanted bio CO 2 would never decay, as shown in Fig. 4 (VIRF) with r ! 1. Such a result is obviously a paradox, and can be seen as an analytical-derived evidence of the physical inaccuracy of the OECD convention.
The profile of the curves from OVIRF and FIRF are similar, since they are both the outcome of a convolution operation between the Gaussian and an exponential function. As it would have been expected, the OVIRF decay is slightly longer than the FIRF, where the CO 2 sequestration is favored by the inclusion of the terrestrial biosphere sink. This can be appreciated by looking at the points where the curves turn to negative values: for r 5 100 years, the OVIRF becomes negative at t ! 71 years, while the FIRF at t ! 65 years. When r ! 1, the curves are equal to the respective function y(t) derived from the CC model considered in Eqns (12) and (13), for the OVIRF and FIRF case, respectively. Among the three methods, the FIRF appears as the most physically and logically consistent, and the curve for r ! 1 coincides with the anthropogenic CO 2 decay.
At first sight, the presence of negative values in the atmospheric decay profiles of OVIRF and FIRF may appear as a contradiction, because the amount of CO 2 in the atmosphere is lower than the level before the emission. The reason for this is that atmospheric CO 2 is taken up in different biogeochemical sinks at different time constants, as mathematically represented by Eqn (1); as implicitly assumed by Eqn (8), the same time constants are also applied to CO 2 uptake in biomass regrowth. Soon after the emission, when the biomass growth rate is still slow, a significant fraction of the CO 2 originally released is quickly stored in the ocean upper layer. The following transport of this C to the deep ocean layers is slower, and when the uptake by the onsite biomass regrowth increases, the C initially stored in the ocean upper layer will be released back to the atmosphere at a low rate to compensate the initial overabsorption (out-gassing). In the long term, the airborne fraction of bio CO 2 approaches zero.
The GWP bio index and its interpretation
The curves of Fig. 3 are used to get the climate effect of CO 2 emissions from biomass combustion after their inclusion in Eqn (9). This is a metric relative to the climate effect of anthropogenic CO 2 and based on the integration up to a defined TH. In Table 3 , the GWP bio index is reported as a function of the biomass rotation period for the VIRF, OVIRF and FIRF. These results are shown for the three most common THs (20, 100 and 500 years). The use of this index is identical to the other GWP equivalency factors: it is to be multiplied by the direct CO 2 emissions from biomass combustion to get their relative contribution to global warming in terms of kg CO 2 -eq. This allows an estimate of the climate impact of CO 2 flux neutral systems in LCA and other similar methodologies. Results are intended to be generally applied to all biomass sources (specified with the rotation period) from annual row crops to fast growing biomass, tropical, temperate and boreal forests. For annual crops and for short rotation species, the rotation period is usually very short, from 1 to 5 years. The resulting GWP bio is small, since the average lifetime of bio CO 2 in the atmosphere in this case is so short that the contribution to global warming is limited. When the rotation period becomes longer, e.g. from fast growing species (r 5 5-20) to tropical (r 5 25-50), temperate (r 5 55-80) and boreal (r 5 80-100) forest, the climate impact increases accordingly. The fact that GWP bio is larger for longer rotation periods should not be over interpreted: it only means that short rotation biomass (e.g. annual crops, short rotation coppice) has less climate impact than long rotation biomass (e.g. forest wood) per unit of CO 2 emitted from the combustion of the biofuel. Before deriving general conclusions, there are many other aspects to be considered like efficiency in biomass conversion processes, number of rotations, selection of proper time and spatial boundaries, landuse changes and other life cycle implications (like material and energy inputs for cultivation, harvesting, processing and transport). Land-use changes could also include factors such as changes in surface albedo (in particular at latitudes with seasonal snow cover), change in soil C content, and changes in fluxes of heat and humidity between the surface and the atmosphere. Misleading conclusions can only be avoided by accounting for all climate forcing agents, like GHG emissions, removals and, in some cases, substitutions, within a life-cycle perspective, preferably using case- specific parameters. Therefore, Table 3 does not explicitly mean that one biomass source is better than others: a lower value of the index does not necessarily reflect a lower climate impact of the whole bioenergy system. Figure 5 shows the value of the GWP bio index as a function of the biomass rotation period for the three different cases and for the three selected THs. The curves have an exponential trend to a maximum, which has the same value for each method and can be better appreciated for TH 5 20 years.
The GWP bio is bigger for shorter TH, because this index considers the area below the decay curve of bio CO 2 relative to that of anthropogenic CO 2 . The latter has a fast decay in the first years soon after the emission and then a slow asymptotic trend towards the ocean/atmosphere equilibrium, while bio CO 2 decay tends to zero. The fact that GWP bio are higher for TH 5 20 years rather than for TH 5 100 or 500 years confirms that bioenergy is a climate change mitigation strategy particularly effective for long-term targets.
The VIRF-based GWP bio is larger than one for some circumstances. This is a direct consequence of the OECD convention on which the VIRF decay is based: the exclusion of the ocean and terrestrial biosphere uptake other than the onsite regrowth can make the climate impact of bio CO 2 approximately 1.5 times higher than that of anthropogenic CO 2 . This result is further evidence about the shortcomings of the existing assumption on the closed cycle for biomass-derived CO 2 emissions.
Concerning the OVIRF-based GWP bio , values slightly higher than one can be obtained for TH 5 20 years with rotation periods longer than 50 years. The reason can be seen in the corresponding graph in Fig. 3 : in the first years soon after the emission, the OVIRF with r larger than 50 years has a slower decay than the decay from the Bern 2.5CC model (used as reference in the metric), thus affecting the GWP bio for TH 5 20 years. By contrast, the FIRF-based GWP bio index ranges from 0 to 1, since the same IRF is used as y(t) in Eqn (8) and reference in the metric. In this case, the climate impact derived from biomass combustion and subsequently reabsorbed in the ocean and terrestrial sinks can never be higher than the impact of the same quantity released by fossil fuel combustion or deforestation. Owing to the consideration of all the C cycles with terrestrial and ocean sinks, the FIRF method has the most consistent results which should be used in bioenergy LCA studies to estimate the climate impact of CO 2 emissions from biomass combustion.
Conclusions and next outlook
The work performed in this paper brings a new contribution to the rising discussion on the proper accounting of CO 2 emissions from biomass combustion in bioenergy systems. Even if perceived as urgent, a methodology able to quantify the effective climate impact of biomass-derived CO 2 emissions with unit-based indicators was not elaborated by LCA practitioners. The most important contributions of this work are the formulation of IRF for the atmospheric decay of CO 2 emissions from biomass combustion and the adoption of an index, the GWP bio , to estimate their climate impact. Three methods were formulated, the VIRF, based on the closed cycle of bio CO 2 , the OVIRF, which includes the ocean uptake, and the FIRF, which considers the full C cycle with ocean and terrestrial sinks. The FIRF-based GWP bio is the most reliable and accurate option, given its complete consideration of all the C components and biogeochemical sinks. The GWP equivalency factor currently used for CO 2 emissions from biomass combustion in LCA should be revised: rather than a value of 0 (when the OECD convention is strictly followed) that underestimates the climate impact of the bioenergy system, or 1 (as performed by studies considering the initial CO 2 sequestration during plant growth or by studies based on forest C dynamics) that overestimate the climate impact of bio CO 2 , this work proposes a figure between 0 and 1, depending on the rotation period of the biomass harvested. This is a first step towards the overcoming of the inadequacy of CO 2 accounting in LCA and the development of an accurate and standardized procedure.
This work acts as starting point for future research activities and investigation of specific case studies. In order to keep the focus of the paper on the development of a methodology to quantify the climate effect of bio CO 2 emissions, a schematic case based on one single rotation and with well defined initial conditions and parameters has been selected. The theoretical basis and calculations developed here can be expanded to model more specific case studies, with customized biomass growth curves, multiple rotations, particular management strategies, different starting conditions (e.g. afforestation rather than deforestation) or other specific factors. These outcomes can also be integrated within software tools modeling the climate effects of biomass production on terrestrial C pools and the environmental impact of bioenergy systems.
Besides LCA-based applications, of particular interest is the possibility to include the outcomes of this work in national GHG accounting mechanisms, so to revise the OECD convention presented at the beginning of this paper. The FIRF for bio CO 2 is suitable to be combined with the existing accounting of C stock changes to develop a robust and thorough C accounting framework. This application may have significant impacts on national GHG reporting for bioenergy production, and consequently needs to be investigated further to explore advantages and disadvantages. Implications at a policy decision level can be also relevant: new strategies taking into account the climate impact of CO 2 emissions from the temporary C loss needs to be established in order to reach the intended climate policy targets.
